Introduction {#s001}
============

N[eural stem cells]{.smallcaps} (NSCs) are ideal tools for better understanding of neural cell differentiation, testing neuroactive drugs, modeling neural diseases, and elaborating effective cell therapies for the future. Despite world-wide research efforts, however, little is known on either inherent cellular or environmental conditions, which govern the formation of mature neural tissue-type cells from multipotent NSCs. Large body of data has demonstrated that NSCs and their differentiating progenies require a significantly different environment for survival and further differentiation, both in vitro and in vivo \[[@B1]\]. Besides the need for growth factors \[[@B2]\], adhesive surfaces \[[@B3]\], and cell activating stimuli \[[@B4]\], amendments of cellular metabolic machinery seem to play important roles in decision on propagation, differentiation, or death of neural progenitors during development, regeneration, or physiological neuron replacement \[[@B5],[@B6]\].

The high O~2~ extraction by the brain and the almost 6 to 1 ratio of CO~2~ production from glucose led to the consent view that neural metabolism is based mainly on mitochondrial oxidative phosphorylation \[[@B7]\]. The importance of aerobic glycolysis in brain energy production, however, has been proved by multiple data \[[@B8]\] and was suggested to play important roles in fueling local activities of nerve terminals \[[@B9]\]. Astrocytes were shown to display a high glycolytic activity even in aerobic conditions and provide metabolic fuels, mainly glutamine and lactate, for neurons \[[@B10],[@B11]\]. While important discussions have been focusing on the energy production and distribution of metabolites between astrocytes and neurons \[[@B12],[@B13]\], little is known on the metabolic demands of other cellular components of the central neural tissue, including the diverse types of neural stem/progenitor cells \[[@B14]\].

Preceding the vascularization of the early embryonic brain primordia, NSCs exist in hypoxic conditions. Hypoxia characterizes the neurogenic zones in later phases of development and in the adult brain \[[@B15]\]. Our previous data \[[@B16]\] demonstrated that embryonic NSCs survive and proliferate under hypoxic conditions, but generation of neurons requires normoxic O~2~ supply, both in vitro and in vivo.

These data, together with available in vitro results on various neural stem-like cells \[[@B5],[@B17]\], suggest that NSCs have mainly glycolysis-based metabolism, which shifts to oxidative metabolism during differentiation. Committed neural precursors become more sensitive to hypoxia, and maturing neurons die under hypoxic conditions. Depending on the level of differentiation, different stem cell populations display more or less developed mitochondria and utilize O~2~-dependent or O~2~-independent metabolic routes for energy production \[[@B20]\]. Besides HIF1α destabilization \[[@B15],[@B21]\], the expression of several metabolic regulatory proteins was shown to change during neuronal differentiation \[[@B6]\], including the TSPO18 protein \[[@B22]\], a transmembrane protein associated with the mitochondrial permeability pore \[[@B23]\]. Available data suggest that the metabolite utilization and the routes of energy production change fundamentally with the advancement of cellular differentiation and maturation. While this view needs further support from solid experimental results, it raises a further question: whether metabolic changes represent adaptive cellular reactions to the environment, namely, to the gradually increasing O~2~ supply during in vivo tissue genesis or there are intrinsic metabolic changes characterizing the cellular differentiation.

Our recent studies have been addressed to reveal metabolic changes undertaken during in vitro neurogenesis by NSCs kept and differentiated in normoxic conditions. In vitro neuron formation by NE-4C embryonic mouse NSCs (ATCC-CRL-2925; \[[@B22],[@B24]\]) provided a model to compare metabolic characteristics of stem cells and stem cell-derived neurons. NE-4C NSCs were cloned \[[@B30]\] from the anterior brain vesicles of 9-day-old p53^−/−^ mouse embryos \[[@B31]\]. NE-4C cells proliferate continuously (with duplication time 16--20 h), display epithelial morphology and nestin immunoreactivity, and express *Oct 4* and *nanog* stem cell genes. In response to treatment with 10^−6^ M *all-trans* retinoic acid (RA; 24--48 h), NE-4C cells generate neurons first (40%--50% of all cells on the 7th to 9th day of induction) and astrocytes later (from the 10th day of induction on; \[[@B24]\]). (More detailed description of induction, neuron and glia formation is presented in [Supplementary Data 1](#SD1){ref-type="supplementary-material"}; Supplementary Data are available online at [www.liebertpub.com/scd](www.liebertpub.com/scd))

Comparing the O~2~ consumption, H^+^ production, and metabolic responses to defined fuel molecules, important metabolic differences were revealed between NSCs and the differentiating neuronal progenies, and important similarities were found in the metabolic processes of stem cell-derived neurons and primary neurons isolated from the embryonic mouse forebrain.

Materials and Methods {#s002}
=====================

Cell cultures {#s003}
-------------

*NE-4C* (\[[@B30]\]; ATTC-CRL-2595) cells were maintained in minimum essential medium (MEM; Sigma), supplemented with 5% heat-inactivated fetal calf serum (FCS; PAA), 4 mM [l]{.smallcaps}-glutamine (Sigma), 40 μg/mL gentamicin (Chinoin), and 2.5 μg/mL amphotericin B (Sigma). The cells were seeded at 5 × 10^4^ cells/cm^2^ density into poly-L-lysine-coated (PLL; Sigma) dishes and were let to grow to semiconfluence. Semiconfluent cultures were split by trypsinization (0.05% w/v trypsin with 1 mM EDTA in phosphate-buffered saline). The medium was changed three times a week.

Neuronal differentiation was induced by addition of 10^−6^ M *all-trans* retinoic acid (RA; Sigma) to confluent cultures of NE-4C cells. After 48 h, the media were changed to a RA- and serum-free neuronal medium: 50% Dulbecco\'s modified Eagle\'s medium (DMEM; Sigma), 50% F12 nutrient medium (Sigma), supplemented with 4 mM [l]{.smallcaps}-glutamine and 1% (v/v) insulin--transferrin--selenium (ITS; Gibco) and 1% (v/v) B27 (Gibco) neuronal supplements. Gentamycin (40 μg/mL) (Chinoin) and amphotericin B (2.5 μg/mL) (Sigma) were added as antibiotics. Differentiated NE-4C cells were used for the metabolic studies in the second week after the onset of induction.

Primary neuronal cultures were prepared from embryonic (E15--E16) mouse (CD1) forebrains according to the animal experimentation license 22.1/354/3/2011 (expiry date 2016 July) issued by the Animal Welfare Directorate of National Food Chain Safety Office (NFCSO). Cell suspensions were obtained by mechanical dissociation in MEM containing 10% FCS, over a nylon mesh with a pore diameter of 40--42 μm \[[@B32]\]. The cells were seeded at 10^5^ cells/cm^2^ density onto PLL-coated dishes for molecular studies, onto PLL-coated coverslips for immunocytochemical investigations, or onto PLL-coated 96-well plates for metabolic assays. The cultures were maintained in MEM supplemented with 10% heat-inactivated FCS, 4 mM [l]{.smallcaps}-glutamine (Sigma), 40 μg/mL gentamicin (Chinoin), and 2.5 μg/mL amphotericin B (Sigma). The first medium exchange was carried out 24 h after plating, and then, the medium was changed twice a week. In the second week after plating, the medium was changed to serum-free neuronal medium. The cultures were used for metabolic assays on the 11th--13th days after seeding.

Astrocyte cultures were prepared from late fetal or perinatal CD1 mouse forebrains \[[@B33]\]. The cells were seeded in 10% FCS MEM on PLL-coated surfaces, at a density of 10^5^ cells/cm^2^. The cells were let to grow in serum-containing medium with two changes of medium a week. The cultures were split maximum three times before plating into PLL-coated 96-well plates for metabolic studies.

The cells were maintained in water-saturated air atmosphere containing 5% CO~2~ at 37°C.

Viability assays {#s004}
----------------

MTT (3-\[4,5-dimethylthiazol-2yl\]-2-5-diphenyl-tetrazolium bromide; Sigma) reduction test \[[@B34]\] was used to check the viability of cells in metabolite-free (starving) conditions. Cells were seeded onto PLL-coated 96-well plates, at a density of 2 × 10^4^ cells/well. NE-4C stem cells were assayed right after firm attachment (6--8 h after plating). NE-4C-derived neurons were assayed on the 8th to 10th day after the induction of neuronal differentiation. For the assays, the medium was changed to artificial cerebrospinal fluid (ACSF) (145 mM NaCl, 3 mM KCl, 2 mM CaCl~2~, 1 mM MgCl~2~, 10 mM HEPES; pH = 7.2; 50 μL/well) on half of the cultures. In the other wells, the cells were maintained in the normal medium. After a 3-h incubation in a CO~2~ incubator (37°C, 21% v/v O~2~, 5% CO~2~), 10 μL MTT was added to each well to reach a final MTT concentration of 0.208 mg/mL. After 1.5 h, the formazan precipitate and the cellular material were dissolved in acidified (0.08 M HCl) isopropanol and measured at 570 nm measuring and 690 nm reference wavelengths (Wellcome MR5000 plate reader). Cell viability was calculated by relating the absorbance values of each well to the mean of optical densities measured in normal medium on the same plate (*n* = 5--8). Relative viability was calculated as the percentage of the mean OD value in normal medium. The assays were repeated three times. Significance was calculated by *t-test* (see [statistical analysis](#s008){ref-type="sec"} section).

Assays on O~2~ consumption and extracellular pH changes {#s005}
-------------------------------------------------------

The Seahorse XF96 Extracellular Flux Analyzer (Seahorse Bioscience) was used for in situ measurement of O~2~ consumption rate (OCR) and the rate of the extracellular pH drift (ECAR) in a 2.28 μL fluid volume above the cells.

NE-4C cells were seeded onto 96-well Seahorse plates (1.5--2.0 × 10^4^cells/well) coated with PLL. Before the assays, the cultures were washed with metabolite-free ACSF to remove metabolic components of the maintaining media. The cells were incubated in 180 μL ACSF for 1.5 h in the incubator of the instrument to equilibrate the gas concentrations. The oxygen content and acidity (pH) of the extracellular medium were measured in parallel in 96 wells. The OCR and ECAR data were calculated by the instrument from the changes of the O~2~ and H^+^ concentrations in a small fluid volume above the cells. The OCR and ECAR were first recorded in ACSF (five cycles of 2--3 min measuring and 3-min mixing; see [Supplementary Data 2](#SD1){ref-type="supplementary-material"}), and the measured changes were averaged in 5 data points ([Fig. 1](#f1){ref-type="fig"}) and used as a baseline (basal OCR and ECAR). Single metabolites dissolved in ACSF were then added through the injection port to reach the following final concentrations in the culture fluids: 5 mM D-glucose (Sigma), 5 mM Na-lactate (Sigma), 5 mM D,L-β-hydroxybutyrate (Sigma), 2.5 mM glutamine (Merck), or 5 mM pyruvate (Sigma). On each plate, 6--12 microcultures received the same metabolite or were left in ACSF (as starving control). In the presence of metabolites, O~2~ and H^+^ concentrations were further measured with interruptions of mixing ([Supplementary Data 2](#SD1){ref-type="supplementary-material"}), and the data were averaged into five time points ([Fig. 1](#f1){ref-type="fig"}). At the end of metabolite testing, mitochondrial inhibitors (2 μM oligomycin; Sigma), 0.4 μM FCCP (fluoro 3-carbonyl cyanide-methoxyphenyl hydrazone; Sigma), or 100 μM DNP (2,4-dinitrophenol; Sigma), finally 1 μM antimycin (Sigma), in the case of DNP antimycin with 1 μM rotenone (Sigma), were injected and further data points were measured with each. Cells responding accurately to the above drugs possessed functional mitochondria and thus were regarded healthy.

![Representative graphs of the oxygen consumption (OCR; O~2~ pMoles/min) by NE-4C stem cells **(A)**, NE-4C-derived neurons **(B)**, and primary forebrain neurons **(C)** in starvation (in metabolite-free ACSF; basal), in response to addition of 5 mM glucose or 2.5 mM glutamine or just fuel-free ACSF (metabolites), then oligomycin, FCCP, and antimycin successively. Averages and standard errors of mean of *n* ≥ 7 cultures are shown. ACSF, artificial cerebrospinal fluid; FCCP, fluoro 3-carbonyl cyanide-methoxyphenyl hydrazone.](fig-1){#f1}

The data were plotted as OCR (oxygen consumption rate: pMoles O~2~ consumption/min) and ECAR (extracellular acidification rate mpH/min) as a function of time ([Fig. 1](#f1){ref-type="fig"}). For comparing the reactions of cells in different wells (not always containing the same amount of cells), OCR and ECAR values in the presence of metabolites/inhibitors were related to the OCR and ECAR values recorded in the nontreated state of the same well (basal values: 100%) and were plotted as relative OCR% and ECAR% values. The presented data were obtained from *n* ≥ 3 independent series of assays.

The data sets were processed with MATLAB. Statistical analysis was performed with R statistical programing \[[@B35]\].

Quantitative polymerase chain reaction {#s006}
--------------------------------------

Total RNAs were isolated from confluent (60-mm-diameter dishes) cultures with the RNeasy Mini Kit (Qiagen) according to the manufacturer\'s protocol. DNA contamination was eliminated by RNase-Free DNase Set (Qiagen). For reverse transcription, 2 μg amounts of total RNA were used with the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems) according to the manufacturer\'s instructions, with 0.5 μL RNase inhibitor. The 20 μL reaction mixture was incubated for 10 min at 25°C (annealing), for 10 min at 37°C (transcription), and for 3 min at 72°C (inactivation). The reaction product cDNA was diluted with equal volume of water and its 2 μL was added to 8 μL mixtures of Master mix (Roche R480 LightCycler probes master lc480), with 1 μL primers ([Table 1](#T1){ref-type="table"}; final concentration 5 pM) and 0.5 μL EvaGreen diluted 20x in water (Biotium). The qPCR sequences were as follows: 95°C for 10 min, 40 repetitions of 95°C for 15 s, 60°C for 30 s. The reactions were run in StepOnePlus (Applied Biosystems) Real-Time PCR apparate. Primer efficiencies determined by 5-point standard curves in duplicate assays on dilution series of 1 to 5 for each cDNA, ranged between 87% and 106% ([Table 1](#T1){ref-type="table"}). The results were analyzed according to the ΔΔ CT method \[[@B36]\] with StepOne v2.3 software (Applied Biosystems).

###### 

[Primers Used]{.smallcaps}

  *Gene*              *Forward*                *Reverse*                *Efficiency (%)*
  ------------------- ------------------------ ------------------------ ------------------
  *hprt*              CACAGGACTAGAACACCTGC     GCTGGTGAAAAGGACCTCT      106.298
  *glut1 (slc2a1)*    TGCCCAGGTGTTTGGCTTAG     TCCCTCGAAGCTTCTTCAGC     94.470
  *glut3 (slc2a3)*    AACACTTGCTGCCGAGAACA     GATGGGGTCACCTTCGTTGTC    97.303
  *pdk4*              CCAACCCTACGGATCCTAACC    GGCATTTTCTGAACCAAAGTCC   88.043
  *atg12*             TGGCCTCGGAACAGTTGTTTAT   GGAAGGGGCAAAGGACTGAT     94.727
  *tfam*              TCCCCTCGTCTATCAGTCTTGT   CCACAGGGCTGCAATTTTCC     102.946
  *oct4 (pou5f1)*     GAGGCTACAGGGACACCTTTC    GTGCCAAAGTGGGGACCT       86.627
  *ngn2 (neurog2)*    ACATCTGGAGCCGCGTAG       CAGCAGCATCAGTACCTCCTC    93.215
  *math2 (neurod6)*   CGACACTCAGCCTGAAAAGA     CAAACTTTCTGCACATCTGGG    96.756

HPRT was used as endogen reference for each amplification. The amplified amount of each sequence was normalized to that of HPRT from the same cell source. The different preparations were compared by relating the amplified product/HPRT ratio to the same ratio obtained from NE-4C neurons ( = 1). Data are presented as median and MAD (Median Absolute Deviation) values (*n* ≥ 3).

Immunocytochemistry {#s007}
-------------------

NE-4C cells were seeded onto 24-well plates (2-4 × 10^5^ cells/cm^2^) coated with PLL and were maintained as nondifferentiated stem cells or were induced for neural differentiation and used on the 6th--12th day of induction. Before the assays, the media were changed to ACSF, and the cells were incubated in external metabolite-free conditions for 3.5 h. The cells were fixed with 4% w/v paraformaldehyde (TAAB) in PBS for 20 min at room temperature, washed with PBS, and then permeabilized with 0.1% Triton-X 100 (Reanal) in PBS. For blocking nonspecific antibody binding, the cells were incubated with 2% BSA (bovine serum albumin; Sigma) in PBS for 1 h. Primary antibodies, anti-β-III-tubulin mouse IgG (Sigma) (for NE-4C neurons) and anti-nestin mouse IgG (Chemicon) (for NE-4C stem cells), were diluted 1:1,000 with BSA-PBS and added to the cells for overnight at 4°C. As a secondary antibody, anti-mouse IgG-Alexa488 (Invitrogen) was diluted 1:1,000 and added to the cells for 1 h at room temperature. After washing, the stained preparations were mounted with Mowiol (Calbiochem) containing 10 μg/mL bisbenzimide (Hoechst 33258 nuclear stain; Sigma). The preparations were examined with the Zeiss Axiovert 200 M Microscope equipped with AxioVision 4.8 software (Carl Zeiss).

Statistical analysis {#s008}
--------------------

Statistical analysis was performed with R statistical programing \[[@B35]\]. Results are presented as mean ± SEM; in case of qPCR, results are shown as median ± MAD.

For viability, OCR%, ECAR%, and maximal respiration data, *t*-test was performed between two experimental groups.

For calculations of proton leak significance, one-way ANOVA and Tukey HSD tests were performed.

Statistical relevance of qPCR data was analyzed by the Kruskal--Wallis rank-sum test and Dunn\'s test (of multiple comparisons using rank sums).

For *t*-tests and ANOVA, data were first checked for normality with q-q plot and homogeneity of variances with Bartlett test. The graphs were plotted with ggplot2 package. In each case, *P* \< 0.05 (\*), *P* \< 0.01 (\*\*), and *P* \< 0.001 (\*\*\*) were considered statistically significant.

Results {#s009}
=======

To investigate the metabolic changes during in vitro neuron formation, metabolic characteristics of noninduced NE-4C NSCs were compared to those of retinoic acid-induced neuronal NE-4C progenies. The rate of neuron formation was checked by immunocytochemical assays and by qPCR verification of the expression of proneural (*ngn2*) and neuronal (*math2*) genes, as well as the repression of *oct4* stemness genes ([Supplementary Data 1](#SD1){ref-type="supplementary-material"}). Primary neuronal cultures prepared from E15-16 embryonic mouse forebrain \[[@B32]\] and cultures of astrocytes \[[@B33]\] were also investigated for comparison.

The basal oxygen consumption, the extracellular acidification, and the effects of selected single fuel molecules (glucose, lactate, β-OH-butyrate, glutamine, and pyruvate) on OCR and ECAR were determined by instrumental cell metabolism assays using Seahorse Cell Analyzer XF96 \[[@B37]\] ([Supplementary Data 2](#SD1){ref-type="supplementary-material"}) ([Fig. 1](#f1){ref-type="fig"}).

Before the assays, the cells were washed with ACSF and maintained in ACSF without any metabolic fuel compounds. In response to starvation for a period as long as 3.5 h, morphological changes were not detected in any of the cultures by light microscopy ([Fig. 2A--D](#f2){ref-type="fig"}).

![NE-4C neural stem cells **(A, C)** and NE-4C-derived neurons **(B, D)** on the 6th day after induction with retinoic acid did not show morphological damages in response to 3.5-h starvation. For immunocytochemical identification, NE-4C stem cells were stained for nestin **(***green* on **C)**, and NE-4C-derived neurons were visualized by staining for β-III-tubulin **(***green* on **D)**. The nuclei were stained with Hoechst (*blue*). **(E, F)** MTT reduction test indicated higher sensitivity to starvation (in metabolite-free ACSF) of NE-4C stem cells **(E)** than differentiating NE-4C neuronal derivatives **(F)**. Averages and standard errors of mean (*n* ≥ 10) are shown.](fig-2){#f2}

At the end of a 3.5-h starvation period in fuel-free ACSF, the MTT reduction (viability) test \[[@B34]\] indicated about 20%--25% viability reduction of NE-4C stem cells, while less than 10% reduction was detected in the cultures of differentiating NE-4C-derived neurons ([Fig. 2E, F](#f2){ref-type="fig"}). The data demonstrated that while the cells survived a 3.5-h starvation, stem cells displayed enhanced sensitivity to the lack of metabolic fuel molecules.

For checking mitochondrial integrity and getting further parameters on the mitochondrial activity, oligomycin (an inhibitor of mitochondrial ATP synthase), FCCP (disruptor of mitochondrial proton gradient), and antimycin (an inhibitor of the electron transport in complex III) were added for 30 min successively, during continuous OCR/ECAR determinations. Metabolic changes were calculated from microcultures, which responded to the inhibitors ([Supplementary Data 2](#SD1){ref-type="supplementary-material"}).

In line with previous data \[[@B5],[@B16],[@B18]\], stem cells displayed the lowest oxygen consumption rate in the metabolite-free ACSF, as it was determined in absolute pMoles/min/15,000 cell values (48.17 ± 3.02; *n* = *28*). Differentiating NE-4C neurons displayed a significantly higher oxygen consumption (101.49 ± 10.1; *n* = *23*), but did not reach the level of neuron-enriched primary cultures (204.67 ± 9.79; *n* = *46*). The OCR of primary astrocytes (113.61 ± 3.62; *n* = *39*) stayed behind that of primary neurons corresponding to the high aerobic glycolytic activity of astrocytes \[[@B11]\]. While the data indicated a raise of O~2~ consumption with cellular differentiation, the absolute OCR values could not be directly compared between the different cultures due to the hardly controllable variations of cell numbers in the different types of cultures. The differentiation-dependent increase of mitochondrial activity, however, was clearly demonstrated by the maximal mitochondrial respiration values \[[@B38]\] ([Fig. 3A](#f3){ref-type="fig"}). Maximal mitochondrial respiration was calculated for each microculture by subtracting nonmitochondrial O~2~ consumption (OCR in antimycin block) from the OCR measured in response to the mitochondrial uncoupling agent, FCCP, in the same culture. The maturation of the mitochondrial activity was also shown by the decrease in proton leak (\[[@B38]\]; \[[@B17],[@B18]\]) with cell development; after blocking the mitochondrial ATP synthase with oligomycin, the O~2~ consumption remained relatively high in stem cells in comparison to more differentiated progenies ([Fig. 3B](#f3){ref-type="fig"}). In line with the O~2~ consumption data, the expression of the mitochondrial transcription factor A (TFAM; \[[@B39]\]) was significantly lower in NE-4C stem cell cultures than in more differentiated cultures, suggesting differentiation-dependent changes in mitochondrial maturation.

![**(A)** Maximum mitochondrial respiration of NE-4C stem cells and differentiating NE-4C neurons was determined as the OCR of FCCP-treated cells in the percentage of OCR in starvation (100%). The columns represent averages and standard errors of means (*n* ≥ 8). **(B)** The proton leak of NE-4C stem cells, differentiating NE-4C neurons, primary neurons, and astrocytes was determined as the percentage of OCR remaining after blocking the mitochondrial ATP-synthase with oligomycin and subtracting the nonmitochondrial O~2~ consumption. The columns represent averages and standard errors of means (*n* ≥ 23). **(C)** The relative expression (RQ) of mitochondrial transcription factor A (*tfam*) in the investigated cells (*n* = 3) is shown in relation to the *tfam*/*hprt* ratio (1.00) in NE-4C neurons. OCR, oxygen consumption rate.](fig-3){#f3}

After the determination of basal OCR and ECAR values in metabolite-free ACSF, a single metabolite (5 mM final concentration of glucose, lactate, β-OH-butyrate, pyruvate, or 2.5 mM final concentration of glutamine) was added to the cultures or the cells were maintained for a further 30 min in fuel-free conditions (starving controls).

The prolonged (+ 30 min) starvation reduced further the O~2~ consumption of NSCs, while did not cause changes in the OCR of differentiating NE-4C neurons, primary neurons, and astrocytes ([Fig. 4A](#f4){ref-type="fig"}). The extracellular proton production ([Fig. 4B](#f4){ref-type="fig"}) indicated a moderate drop in the glycolytic activity of all cell types with most marked (about 10%) changes in NE-4C NSCs. The nonchanging viability ([Fig. 2](#f2){ref-type="fig"}), and the nonreduced O~2~ consumption and glycolytic activity of differentiated neural cells suggested that more differentiated cells utilize their own cellular material for preserving the energy production in starvation. In line with these findings, an enhanced expression of autophagy-related gene 12 (ATG12; \[[@B40]\]) was found in NE-4C neuronal progenies, primary neurons, and astrocytes in comparison to stem cells by qPCR ([Fig. 4C](#f4){ref-type="fig"}), suggesting some higher role of autophagy in the preservation of metabolic integrity of differentiated cells.

![Prolonged (+ 30 min) starvation reduced the OCR only in neural stem cells **(A)** (the *dashed line* indicates the basal OCR for each cell type; 100%) and decreased slightly the extracellular acidification rate (an indicator of glycolytic activity) **(B)** (*dashed line* indicates the basal ECAR for each cell type; 100%). The columns represent averages and standard errors of means (*n* ≥ 23). **(C)** The relative expression (RQ) of autophagy-related gene 12 (*atg12*) is shown in relation to the *atg12*/*hprt* ratio (1.00) in NE-4C neurons (*n* = 3). ECAR, extracellular acidification rate.](fig-4){#f4}

When 5 mM glucose was added to starving cells, the O~2~ consumption decreased and the extracellular acidification increased markedly in all cultures. The highest OCR reduction and ECAR increase was found in the cultures of NSCs, indicating a high rate of glucose utilization through aerobic glycolysis in these cells ([Fig. 5](#f5){ref-type="fig"}).

![Effect of glucose addition on the O~2~ consumption (OCR) **(A)** and the extracellular acidification (ECAR) **(B)** by starving cells. The basal OCR (100%) values and their standard errors of mean are shown as *dashed lines* (*n* ≥ 23). The relative expression (RQ) of glucose transporters, *Glut1* **(C)** and *Glut3* **(D)** *(glut1/HPRT* and *glut3/HPRT)*, by NE-4C neural stem cells is shown in relation to the RQ values of *glut1/HPRT* and *glut3/HPRT* in NE-4C-derived neuronal cultures (RQ = 1.00), respectively (*n* = 3).](fig-5){#f5}

The relatively moderate decrease in O~2~ consumption and the only about 1.5-times increase in the acidification by differentiating NE-4C neuronal progenitors raised the question whether glucose is available for these cells. qPCR studies demonstrated that the expression of glucose transporters, both the universal *Glut1* and the neuronally abundant *Glut3* \[[@B41]\], increased with neuronal differentiation ([Fig. 5C,D](#f5){ref-type="fig"}). While glucose transporters were not checked at the protein level, the developmental increase in the expression of glucose transporters suggested that glucose might be even more available for differentiating neurons than for stem cells. As a second step, the effects of glycolytic end-products were investigated by measuring the O~2~ consumption after adding 5 mM pyruvate or lactate to the cells ([Fig. 6](#f6){ref-type="fig"}). Addition of lactate and pyruvate increased the O~2~ consumption only in NE-4C stem cells. NE-4C-derived or primary neurons apparently did not respond to lactate with enhanced O~2~ uptake. Rather surprisingly, pyruvate caused a mild decrease in the O~2~ consumption ([Fig. 6C](#f6){ref-type="fig"}) of primary neurons.

![Effects of lactate **(A, B)** and pyruvate **(C, D)** on the O~2~ consumption (OCR) of cells in relation to basal OCR (100%; *dashed lines*) **(A, C)**, and on the extracellular acidification in relation to basal ECAR (100%; *dashed lines*) **(B, D)**. Averages and standard errors of mean are shown (*n* ≥ 23).](fig-6){#f6}

Pyruvate significantly contributed to the acidification of the extracellular fluid of stem cells and astrocytes ([Fig. 6D](#f6){ref-type="fig"}), presumably due to CO~2~ generation by pyruvate dehydrogenase. Rather unexpectedly, however, pyruvate while apparently did not enhance the mitochondrial energy production of neurons, did not increase markedly the acidity of their fluid environment, either.

The data suggested that while stem cells utilize glycolytic end-products for mitochondrial energy production, neurons, at least in starvation, seem to utilize glucose through some different pathways. The pyruvate--dehydrogenase complex (PDC) is a key point to direct pyruvate to the citrate cycle and so to fuel mitochondrial oxidative phosphorylation \[[@B42],[@B43]\]. Pyruvate dehydrogenase E1 enzyme (PDH) is inactivated by phosphorylation by pyruvate dehydrogenase kinases (PDKs). PDK4 was reported to be present in the rodent brain \[[@B44]\]. qPCR studies on the expression of *pdk4* in NE-4C NSCs and in NE-4C-derived neurons ([Fig. 7](#f7){ref-type="fig"}) showed an increase with development, suggesting a differentiation-dependent capacity to regulate the entry of pyruvate into the citrate cycle.

![The relative expression (RQ) of pyruvate dehydrogenase kinase 4 (*pdk4*) in NE-4C neural stem cells and in NE-4C-derived and primary neuronal cultures shown in relation to the *pdk4*/*hprt* ratio (1.00) in NE-4C neurons (*n* = 3).](fig-7){#f7}

If glycolysis is not the main input for mitochondrial energy production in starving neurons, what metabolic pathway might be responsible for the high neuronal OCR even in starving conditions? As potential fuel compounds, β-OH-butyrate (5 mM) and glutamine (2.5 mM) were investigated ([Fig. 8](#f8){ref-type="fig"}).

![Effects of glutamine **(A, B)** and β-OH-butyrate **(C, D)** on the O~2~ consumption **(A, C)** and extracellular acidification **(B, D)** of the cells. The basal OCR and ECAR with the standard errors of mean are shown as *dashed lines* (100%) for each type of cells. Averages and standard errors of mean of *n* ≥ 23 cultures are shown.](fig-8){#f8}

The studies demonstrated that NE-4C NSCs utilized both β-OH-butyrate and glutamine in mitochondrial oxidation, while none of these substrates evoked significant increase in neuronal O~2~ consumption.

Summarizing, our data showed that NSCs and their neuronal derivatives display different metabolite utilization under starvation. Stem cells display low mitochondrial activity and require low O~2~ supply. However, if metabolites such as lactate, pyruvate, β−OH-butyrate, and glutamine are available, stem cells use them for mitochondrial energy production. Glucose, if added as a single metabolic fuel, is not utilized for mitochondrial ATP production by either stem cells or neurons and astrocytes. For metabolite-deprived neurons, glycolytic end-products, pyruvate, or lactate did not serve as fuels for mitochondrial ATP production. Addition of a single metabolite did not activate the mitochondrial energy production of neurons. Under the applied conditions, the high O~2~ consumption of starving neurons seemed to be fueled by cellular self-material.

Discussion {#s010}
==========

The aim of the presented studies was to reveal whether alterations in the metabolite utilization may reason the differences known in the O~2~ requirement of stem cells and neurons \[[@B5],[@B16]\]. Comparing the metabolic characteristics of stem cells to features of neurons derived from them, offered a way to reduce cellular heterogeneity between the cell preparations to be compared. The model, however, suffered some drawbacks: (i) The NE-4C NSC line was isolated from p53-deficient mice \[[@B31]\] and got presumably immortalized just by the lack of functional p53 protein. The tumor suppressor p53 protein, besides regulating cell cycle progression, DNA repair, and apoptosis \[[@B45]\], is known to interfere with molecular networks that can sense and regulate the cellular energy production (for review: \[[@B46]\]). The p53-deficient mice, in contrast, develop normally, and a higher tumor incidence appears only in aged populations of such mice \[[@B31]\]. In case of NE-4C cells, the lack of functional p53 does not prevent the exit from the cell cycle upon induction with retinoic acid, and to produce well-developed postmitotic neuronal phenotypes in vitro \[[@B22],[@B30]\] or neurons integrating into the embryonic forebrain \[[@B47]\]. Because of the metabolic regulatory effects of p53, however, wild-type neurons and astrocytes had to be included in the studies addressed to cellular metabolism. NE-4C neurons and wild-type primary neurons responded similarly to metabolite deprivation and to the addition of various fuel-molecules. The data demonstrated that neuronal reactions to the applied metabolic challenges were fairly different from the responses of stem cells, regardless of the presence or absence of p53.(ii) While the cultures of NE-4C stem cells were composed of phenotypically identical cells, the retinoic acid-induced cultures contained persisting stem cells and progenies in various stages of differentiation, besides of about 40%--50% of NE-4C neurons. The cellular heterogeneity caused variations in the detected cellular responses and resulted in rather large standard error of mean values. Cellular heterogeneity had to be taken into account in case of primary neuronal cultures as well. Primary neuronal cultures, even if enriched in neurons, always contain glial cells, and this condition cannot be neglected if neuronal metabolic characteristics are investigated.

In the presented study, primary neuronal cultures were included to investigate whether the developmental changes during the neuron formation from NE-4C stem cells result in a similar metabolic phenotype as primary neuronal cultures of the mouse forebrain. Embryonic (E15-16) forebrain-derived and NE-4C-derived neuronal cultures share a number of structural, cytochemical, and functional characteristics. Briefly, both NE-4C and primary embryonic forebrain cultures contain a substrate-attached, non-neuronal cell layer, and neurons develop on the top of these basal cells \[[@B30],[@B32]\]. The basal cell layer is composed by GFAP-positive astroglial cells in primary cultures, while a more scattered, GFAP-negative basal cell layer is formed under NE-4C neurons. NE-4C-derived GFAP-positive cells appear in this layer from the 10th day of induction \[[@B24]\]. Nondifferentiated stem/progenitor cells in different stages of cell commitment persist in both types of neural cultures. In both types of cultures, neurons with long branching processes, MAP2 and β-III-tubulin, synaptophysin and synapsin immunoreactivity, and with recordable spike potentials give the 40%--50% of the total cells by the end of the second week after plating (primary cultures) or retinoid induction (NE-4C). Both neuronal cultures contain GABAergic and less glutamatergic neurons; monoaminergic cells do not develop. The neuronal circuit activity had been characterized in primary neuronal cultures \[[@B48]\], while only single-cell activities were investigated in NE-4C-derived neuronal cultures \[[@B27]\]. Both cultures display spontaneous neuronal activities, which fluctuate in time. Cells in different stages of neural development are expected to display different ion-redistribution patterns in response to intracellular processes and to bioelectric activities in their environment (Kőhidi et al., manuscript in preparation). As changing bioelectric activity would cause alterations in the energy homeostasis, differentiation-dependent changes in the metabolism will reflect the different excitability of developing NSCs, as well. To reduce the fluctuations caused by different excitability, the metabolic activity of stem cells and their more differentiated progenies were compared under strictly identical conditions.

While the drawbacks of the models resulted in large statistical deviations, the data outlined some marked cell-type-related metabolic features.

In accord with results of other laboratories \[[@B5],[@B17]\], the stem cells consumed less O~2~, and produced less mitochondrial ATP than neurons. The data showed that NE-4C stem cells could gain enough energy from glycolytic sources for the survival of a 2.5-h period of metabolite deprivation. In response to the addition of single metabolites (with the exception of glucose), however, the mitochondrial ATP production increased, indicating a rapid adaptation of the metabolic machinery to the available resources. In contrast, astrocytes and neurons, both NE-4C-derived and primary, hardly responded to starvation and sustained a rather high-level of oxidative phosphorylation during metabolite deprivation. The observation suggests that more differentiated cells can sustain their energy status by mobilizing internal sources for a relatively long time. Rather surprisingly, addition of single metabolites to neurons or astrocytes did not result in an immediate increase of the O~2~ consumption and in an importantly increased mitochondrial ATP production. Starving neurons did not respond with enhanced O~2~ consumption either to lactate or to pyruvate, indicating that these glycolytic end-products were not conducted toward the tricarboxylic acid (TCA) cycle and were not utilized for mitochondrial ATP production.

While these data seem to contradict to the "astrocyte-neuron lactate shuttle" model \[[@B11]\], one should keep in mind that (i) starvation might be a condition fairly different from the physiological or neuronally activated states and (ii) the uptake of lactate and pyruvate might change importantly during neuronal differentiation.

Monocarboxylic acid transporters (MCT1-4) responsible for the transmembrane transport of lactate/pyruvate show cell-type-specific distribution \[[@B49]\]. While astrocytes carry MCT4 all over the cell membranes, the neurons, and only excitatory neurons, express MCT2 at differentiated postsynaptic sites. As the high-affinity but low-capacity MCT2 transporter molecules are localized in these highly specialized areas of well-differentiated glutamatergic neurons, it was not surprising that we could not demonstrate measurable expression either in the embryo-derived (11--13 days in vitro old) primary neuronal cultures or in NE-4C-derived neurons on the second week after induction (data not shown). NSCs, on the contrary, display a number of astrocytic features and can gain energy from both lactate and pyruvate; thus, they necessarily do express MCT1 and/or MCT4, similarly to a number of tumor stem cells \[[@B50]\].

The transcription of PDK4 was reported to increase in response to starvation \[[@B44]\]. This kinase, in contrast, was found to be highly expressed by both primary and NE-4C-derived neurons, while almost absent in stem cells. The *pdk* upregulation at the transcriptional level, however, does not mean necessarily that the PDC is inactivated. Without data on the protein level and the enzymatic activity of PDKs and PDC, only hypotheses can be formulated: enhanced expression of *pdk4* might result in the uncoupling of glycolysis from the TCA cycle and might be responsible for the enhanced rate of aerobic glycolysis \[[@B51]\].

Aerobic glycolysis was clearly detected in all investigated cells in response to glucose addition. In response to glucose, all cells dropped O~2~ consumption, and mitochondrial ATP production did not increase in any of the cells. Interestingly, the extracellular acidification grew enormously in cultures of NE-4C stem cells, while significant, less extreme increase was found in more differentiated cultures. The moderate ECAR raised the question: what might be the fate of glucose in neurons. One possible assumption is that glucose is guided to the pentose-phosphate pathway. Utilization of glucose through the pentose-phosphate pathway can provide nucleotides for DNA repair of postmitotic and/or starvation-stressed cells and can protect against oxidative stress through increased NADPH production \[[@B52]\]. These later mechanisms would highly help the survival of finally differentiated neurons throughout their extremely long life span.

The results of our experiments, however, did not answer the question: what type of molecules can fuel the sustained oxidative phosphorylation of starving neurons. PDKs are regarded as important regulators of the glucose catabolism versus lipid oxidation \[[@B53]\], and utilization of ketone bodies and unsaturated fatty acids was suggested to attenuate sustained neuronal burst activities \[[@B54]\]. To understand the rather controversial roles of ketone bodies and free fatty acids in the energy production of neurons \[[@B55]\], a ketone body, β-OH-butyrate, was also added to the cells. NE-4C-derived or primary neurons, however, failed to show any measurable changes in O~2~ consumption in response to β-OH-butyrate. Further studies are in progress to find nutrients that may serve as metabolic fuel molecules for neurons in starvation or under other stress situations.
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